Objective: This study describes echocardiographic allograft valve function over time in a cohort of patients who were prospectively followed after allograft aortic valve or root replacement, illustrating the use of longitudinal data analysis for assessing valve function over time.
Results: Aortic regurgitation increased over time. At 15 years, 41% of patients had at least moderate aortic regurgitation. Younger patient age and subcoronary implantation technique were associated with increased aortic regurgitation. Aortic gradient increased over time (from 9.4 mm Hg at 6 months to 21.3 mm Hg at 15 years); both initial and increase in aortic gradient were greater in younger patients and after subcoronary implantation technique. Annulus diameter slightly increased (from 21.9 mm at 6 months to 22.4 mm at 15 years), whereas aortic diameter slightly decreased over time (from 34.3 mm at 6 months to 32.7 mm at 15 years). Left ventricular outflow tract diameter remained constant at 22 mm. Younger patients in the subcoronary implantation group had a larger annulus diameter.
Conclusions: Both aortic regurgitation and stenosis increase over time after allograft aortic valve or root replacement. Younger patient age and use of the subcoronary implantation technique are associated with increased regurgitation and stenosis. The use of nonlinear longitudinal models allows for an insightful analysis of allograft valve function over time. (J Thorac Cardiovasc Surg 2014; 148:1921-8) Supplemental material is available online.
Allografts have been used for the replacement of the diseased aortic valve for more than 5 decades. 1 Although allografts were initially thought to be superior to xenografts, today there is increasing evidence that allograft durability is comparable to other biological valve substitutes. 2, 3 Currently, their application is mainly in patients with complex cardiac and aortic root pathology in the setting of an active endocarditis.
The assessment of allograft valve performance over time is difficult. Echocardiographic measurements obtained over time after allograft implantation are usually dichotomized by using time-to-event methods and are reported as, for example, freedom from aortic regurgitation (AR) grade 1þ or 3þ at a certain follow-up time. 4, 5 Dichotomization of longitudinal data is often inappropriate because it leads to loss of information and incorrect statistical inferences. The 2008 guidelines for reporting mortality and morbidity after cardiac valvular interventions 6 propose the use of longitudinal data analysis for series of assessments, such as repeated echocardiographic measurements of valve function to estimate its average temporal pattern and variability in a group of patients. Repeated measurement data have several important characteristics that are taken into account by longitudinal analyses methods but that are not taken into account by time-to-event methods.
The aim of this study is to describe echocardiographic allograft valve function over time in a prospective cohort of patients who underwent allograft aortic valve or root replacement. This will be done by using and illustrating the use of advanced longitudinal data analysis techniques.
METHODS Patients
Between April 1987 and September 2010, a total of 347 patients underwent 356 aortic valve or root replacements with an allograft at the Erasmus University Medical Center, Rotterdam, The Netherlands (Table 1) . After these 356 procedures, 301 hospital survivors had 1 or more standardized echocardiographic examinations. The small number of patients with repeat operations (n ¼ 9) were considered as independent patients because the primary focus of this study was allograft valve function over time. Approval from the institutional review board (No. EMC00-813) was obtained for this prospective follow-up study, and all patients provided informed consent. The clinical outcome of the total cohort has been reported. 3 
Surgical Procedures
Surgical procedures were performed through a median sternotomy on cardiopulmonary bypass with moderate hypothermia ( Table 2) . Crystalloid cardioplegia and topical cooling were used for myocardial protection. Deep hypothermia and circulatory arrest were used in 32 patients with ascending aorta or arch pathology. Early in our experience, the subcoronary technique was used; since 1998, root replacement has become the technique of choice. Of the 356 procedures, subcoronary allograft implantation was performed in 94 patients 7 and root replacement was performed as a freestanding root with reimplantation of the coronary arteries in 262 patients. From these patients, 1 or more standardized echocardiographic examinations were available for 77 patients who underwent the subcoronary allograft implantation technique and 224 patients who underwent the root replacement technique.
Echocardiographic Follow-up
Serial, standardized echocardiography has been performed at Erasmus University Medical Center in all patients aged 16 years or more who received human tissue valves since 1987. Postoperative echocardiographic examinations were scheduled at 6 months, at 1 year, and thereafter once every 2 years. 8 A detailed description of the echocardiographic followup can be found in the Online Methods Supplement.
Statistical Analyses
All the analyses were performed using SAS9.1 (SAS Institute Inc, Cary, NC), and some plots were created using S-Plus6.2 statistical software (Insightful Corp, Lucent Technologies Inc, Palo Alto, Calif).
Analyses of clinical data
Presentation. Continuous variables are summarized as mean AE standard deviation, and comparison was done using the unpaired t test unless the data were not normally distributed (Kolmogorov-Smirnov test); in these instances, we used the Mann-Whitney U test for comparison. Categoric data are presented as proportions, and comparison was done using the chi-square test or Fisher exact test where appropriate. All tests were 2-sided, with an alpha level of 0.05.
Survival analyses.
Overall nonparametric survival estimates were obtained by the method of Kaplan-Meier. A parametric method was used to resolve the number of phases of instantaneous risk of death (hazard function) and to estimate the shaping parameters. 9 To identify risk factors for death, multivariable analyses were performed in the multiphase hazard function domain.
In the multivariable analysis, factors modulating both hazard phases were considered simultaneously. Early risk factors are those found to increase the area beneath the early decreasing hazard phase, and late risk factors are those that increase the level of underlying increasing hazard. Within each hazard phase, we assume proportional hazards, but because the 2 hazard phases are operative across all time, this produces overall a nonproportional hazard model. Such a model is particularly appropriate for strongly time-varying hazard, as is evident for these events.
Reoperation analyses. Reoperation and multivariable analyses of patients who underwent reoperation were performed in a similar method used to study survival.
Analyses of echocardiographic data
Categoric echocardiographic measurement. To assess the temporal trend of likelihood of AR grades over time after surgery, follow-up transthoracic echocardiograms were analyzed longitudinally for percentages of patients in each AR grade across time. Because there is no practical method for continuous heart valve function assessment, a nonlinear cumulative logit mixed model 10, 11 was used to resolve a number of time phases on cumulative odds domain to form a temporal decomposition model and to estimate the shaping parameters at each phase. A longitudinal cumulative logistic mixed model 12, 13 for repeated measurements (SAS PROC NLMIXED; SAS Institute Inc) was used to implement the temporal decomposition model and to estimate the patient-specific probabilities for being in each AR grade. These patient-specific estimates were then averaged to obtain the percentages of patients (prevalence) in each grade. These methods were applied because they simultaneously solve multiple challenges of continuously collected echocardiographic data (eg, repeated measurements for each patient, variable time of recording, censoring by death).
Continuous echocardiographic measurement. To assess the temporal trend of aortic valve gradient, annulus diameter, aortic diameter, and left ventricular outflow tract (LVOT) diameter over time after surgery, follow-up transthoracic echocardiographic measurements were analyzed longitudinally for change in mean response across time. 14 A nonlinear longitudinal mixed model regression 12, 13 (SAS PROC NLMIXED; SAS Institute Inc) was used to analyze these continuous repeated measurements. Table 2 shows the perioperative details. There were 4 patients (all root replacements) who required coronary artery bypass grafting because of problems related to the reinsertion of the coronary arteries. The detailed causes were as follows: In 1 patient the left coronary artery button was too small, causing coronary ostium stenosis; 1 patient had annular calcifications extending up to the right coronary ostium that was thin-layered and ruptured after reimplantation; 1 patient had right ventricular dysfunction due to kinking of the reimplanted right coronary artery; and in 1 patient, the attending surgeon made the decision to perform coronary artery bypass grafting on the basis of his observations of suboptimal coronary flow causing malperfusion of both the right and left coronary arteries. Hospital mortality was 5.9% (21/356 surgical procedures).
RESULTS

Perioperative Details
Clinical Follow-up
During Table 3 .
During follow-up, 103 patients required a reoperation; of these operations, 81 were performed for structural valve deterioration, 18 were performed for nonstructural valve failure, and 4 were performed for allograft endocarditis. After taking the competing occurrence of death into account, the overall parametric estimates of freedom from reoperation at 1 year, 5 years, 10 years, and 15 years were 97%, 92%, 80%, and 56%, respectively (Figures 1 and E1). Risk factors associated with early and late reoperation are shown in Table 3 . Echocardiographic Follow-up Aortic regurgitation. A total of 1728 echocardiographic measurements of AR in 300 patients were available; 37 patients had 1 or more echocardiographic measurements of AR beyond 15 years. Temporal trend analyses yielded only 1 phase. Figure 2 shows the temporal change in the percentages of patients in each AR grade over time. The percentage of patients in each grade of AR has changed significantly over time. Although the percentage of patients with AR grade 0 decreased sharply from 38% at 6 month to 20% by 15 years after the procedure and the percentage of patients with grade 1þ remained the same at approximately 40% during the same time period, the percentage of patients with grade 2þ increased sharply from 19% to 31%. The percentage of patients with grade 3þ/4þ increased gradually from 3.6% to 10% during the same time period. The subcoronary implantation group was associated with a higher postoperative AR grade than the root replacement group (P ¼ .0001) ( Figure E2 ). The potential risk factors associated with AR grade over time are shown in Table 4 . Younger age was associated with a higher grade of postoperative AR (P ¼ .0007), and the effect was significant in the subcoronary group ( Figure E3 ). Furthermore, endocarditis seems to be associated with a lower likelihood of postoperative AR grade (P ¼ .0250). Aortic gradient. A total of 1609 echocardiographic measurements of aortic gradient in 292 patients were available; 34 patients had 1 or more echocardiographic measurements of aortic gradient beyond 15 years. Temporal trend analyses yielded only 1 phase. Aortic gradient increases from 9.4 mm Hg at 6 months to 21.3 mm Hg by 15 years after the procedure ( Figure 3 ). The subcoronary implantation group is associated with a higher aortic gradient than the root replacement group (P ¼ .0005). Younger age is associated with a higher aortic gradient (P < .0001) ( Figure E4 ). Male donor gender (P ¼ .0015) and concomitant mitral valve surgery (P ¼ .0011) were associated with higher aortic gradient during follow-up. The potential risk factors associated with aortic gradient over time are shown in Table 4 . Annulus diameter. A total of 1445 echocardiographic measurements of annulus diameter in 284 patients were available; 31 patients had 1 or more echocardiographic measurements of annulus diameter beyond 15 years. Temporal trend analyses yielded only 1 phase. Annulus diameter increased from 21.9 mm at 6 months to 22.4 mm by 15 years after the procedure. This increase was not statistically significant (P ¼ .5460) ( Figure E5 ).
There is a procedure effect on the annulus diameter, and the root replacement technique is associated with a larger annulus diameter (P < .0001) ( Figure E6 ). Male donor gender (P <.0047), male patient gender (P <.0001), and higher allograft diameter (P < .0001) were associated with larger annulus diameter during follow-up. The potential risk factors associated with annulus diameter over time are shown in Table 4 . Left ventricular outflow tract diameter. A total of 1463 echocardiographic measurements of LVOT diameter in 286 patients were available; 32 patients had 1 or more echocardiographic measurements of LVOT diameter beyond 15 years. Temporal trend analyses yielded only 1 phase. No significant change in the LVOT diameter was observed (P ¼ .6582) with a diameter of approximately 21.8 mm at 6 months and 22.0 mm at 15 years after the procedure ( Figure E7 ).
Male donor gender (P<.0001), aortic annulus aneurysm (P ¼ .0011), and tricuspid aortic valve (P ¼ .0011) were associated with larger LVOT diameter during follow-up. Larger allograft diameter was associated with larger LVOT diameter during follow-up. The potential risk factors associated with LVOT diameter over time are shown in Table 4 . Aortic diameter. A total of 1603 echocardiographic measurements of aortic diameter in 294 patients were available; 34 patients had 1 or more echocardiographic measurements of aortic diameter beyond 15 years. Temporal trend analyses yielded only 1 phase. Aortic diameter decreased slightly from 34.3 mm at 6 months to 32.7 mm at 12 years after the procedure. Although the decrease is statistically significant (P <.0001), it may not be clinically significant ( Figure E8 ).
Male donor gender (P <.0001), calcified aortic annulus (P ¼ .0061), preoperative AR (P < .0001), male patient gender (P < .0001), and elective surgery (P ¼ .0106) were associated with larger aortic diameter during followup. Concomitant mitral valve surgery (P ¼ .0496) was associated with smaller aortic diameter during follow-up. The potential risk factors associated with aortic diameter over time are shown in Table 4 . 
DISCUSSION
This study describes echocardiographic allograft valve function over time in a cohort of patients who were followed prospectively after allograft aortic valve or root replacement, illustrating the use of longitudinal data analysis for the assessment of valve function over time.
Clinical Outcomes
In our patient population, patient survival was 68% after 15 years of follow-up. Freedom from reoperation was 56% after 15 years of follow-up. These results are comparable to other series that report survival and freedom from reoperation after allograft aortic valve and root replacement. [15] [16] [17] [18] [19] 
Echocardiographic Outcomes
Among patients who underwent allograft aortic valve or root replacement, 41% had 2þ or higher AR after 15 years of follow-up. In patients in whom the complete aortic root was implanted instead of the aortic valve in the subcoronary position, the risk of higher AR grade was considerably lower during follow-up. Furthermore, we observed higher AR grades more often during follow-up in younger patients. Although it has been shown that younger patients are at higher risk of aortic allograft degeneration, 20 the results of our longitudinal echocardiographic study show that younger patients are especially at risk for valve degeneration when the subcoronary implantation technique is used to implant the allograft.
The aortic gradient increased during follow-up from 9.4 mm Hg at 6 months to 21.3 mm Hg at 15 years. Comparable to AR, the severity of aortic gradient during follow-up was primarily influenced by younger patient age and the use of the subcoronary implantation technique. Furthermore, male donor gender was found to be significantly correlated with higher aortic gradient during follow-up, which confirms the results of previous studies in which it has been shown that immunologic reaction might be (partly) responsible for valve failure. 21 We have not observed major changes in the annulus diameter, LVOT diameter, and aortic diameter during follow-up. The results of our longitudinal data analyses of echocardiographic valve function over time indicate that both younger patient age and subcoronary implantation technique are important risk factors of allograft degeneration. This is in accordance with previous studies that investigated the clinical outcomes of patients with aortic allograft. 20, [22] [23] [24] 
Methodology
The described methodology for the analyses of echocardiographic data was applied in the present study for several reasons. Longitudinal analyses versus time-to-event analyses. The assessment of allograft valve performance (and other valve substitutes) is complicated by several factors. First, valves are implanted in patients who have a limited survival. This creates a situation in which the risk of patient death competes with valve durability. Second, valve failure is a continuous process, not a hard end point. Therefore, timeto-event analysis is inappropriate when assessing echocardiographic valve function, because it considers time of follow-up as a continuous variable, whereas echocardiographic data are usually available within a certain time frame and often incomplete in 1 or more time frames. In addition, those data consider valve dysfunction as an irreversible end point, whereas severity of valve dysfunction (eg, AR) is often variable over time. Third, the means by which echocardiographic follow-up is obtained may influence the results: Opportunistic versus standardized follow-up, experience of the observer, and intervals between measurements all may cause bias. Finally, allograft dysfunction may present in different ways, through regurgitation, stenosis, or a combination, further complicating valve performance analysis. The challenge in analyzing longitudinal data is estimating the average pattern of outcome over time and its variability in the group of patients. In addition, this average must take several sampling characteristics into account (eg, censoring by death, unequal number of observations per patient, and different follow-up intervals between observations).
In the present study, nonlinear longitudinal analysis techniques were used to model the trend of various echocardiographic measurements over time after the procedure. This enabled us in turn to visualize the temporal trend of, for example, each AR grade over time during follow-up. Clinicians can use such methods/graphs to determine how AR on average develops over time after aortic allograft implantation. From a statistical perspective, the methods used are superior and more informative compared with the methods where repeated outcomes are dichotomized and analyzed with actuarial methods as if they were events, such as freedom from grade 1þ or 3þ AR after aortic valve surgery. 4, 5 Assessing the trend of outcomes of interest and identifying factors that influence these outcomes over time can be of particular importance because they can help the clinicians understand how a certain process changes over time and thus can contribute to better patient management (eg, by determining which patients should be monitored more closely by their physicians and at which time interval).
Although the use of time-to-event methods is less timeand effort-consuming, these methods have major limitations that may result in loss of information and wrong statistical inferences that can lead to inadequate conclusions, depending on the type of research question investigated. Therefore, researchers should be encouraged in taking into account the important characteristics of longitudinally collected data when choosing the method of data analysis.
Methods applied in the present study versus other typical longitudinal analyses methods. Several longitudinal analyses methods exist. Both linear and nonlinear structures can be used to analyze longitudinal data. In linear methods, the degree of the outcome (y) is determined by the degree of the input (x), which can be written as a y ¼ ax þ b equation. An important characteristic of linear methods is proportionality because there is a straight-line relationship between the input value and the outcome. Therefore, the behavior of linear methods can be fully predicted. However, the cardiovascular system is a complex mechanical, chemical, and hemodynamic system in which the processes are often related via a variety of mechanisms. Therefore, these processes are often nonlinearly structured. [25] [26] [27] Because the principle of proportionality may not be valid, using linear methods may mean simplification of the real process and therefore inaccurate results and inferences. For example, the analyses of our study show that aortic gradient is nonlinearly shaped. During follow-up, the increase in aortic gradient mainly occurred in the first 5 years after the surgery. If we had modeled the aortic gradient as a linear process, we would not be able to see the difference between how the aortic gradient increased before and after this 5-year period. We emphasize that not the data but the model determines the shape of the relationship between the input and the outcome. However, further validation is necessary to confirm whether the nonlinear pattern is indeed the better description of aortic gradient measurements.
The statistical methods that we applied are able to simultaneously model the risk factors for each time phase, whereas in case when one has to use the usual longitudinal methods to identify time-dependent risk factors, several transformations of time along with their interaction effects are needed in the equation. In the latter scenario, it would be difficult for the model to handle 40 or 50 covariates, and the combination of them with different transformations of time and the interpretation of such model would be difficult. The statistical technique that has been illustrated in this study is able to explicitly model the nonlinear trend and divides it in different overlapping time phases, which in turn enable us to simultaneously identify risk factors that are of particular importance shortly after the procedure and those that are of particular importance in the long-term. The approach of longitudinal data analyses that is used in the present study is also proposed by the 2008 guidelines for reporting mortality and morbidity after cardiac valvular interventions. 6 
CONCLUSIONS
Both AR and stenosis increase over time after allograft aortic valve or root replacement and are the most important cause for allograft failure. Younger patient age and use of the subcoronary implantation technique are associated with increased regurgitation and stenosis. The analysis of allograft valve function is complex and requires advanced longitudinal models for adequate statistical analysis.
All patients who receive a human tissue valve at the Erasmus University Medical Center are enrolled in an ongoing prospective follow-up study. They are followed systematically and actively through direct annual patient contact by telephone. Clinical follow-up was based on the data obtained from the total cohort of 356 aortic valve or root replacements that were performed during the study period.
Valve-related complications and their consequences were defined according to the 2008 guidelines for reporting morbidity and mortality after cardiac valvular operations E1 after confirmation of the event by the patient's treating physician. The database was frozen on September 30, 2010. Clinical follow-up was 95% complete (the ratio of total observed person time to potential person time of follow-up to the closing date of the study). E2 The mean clinical follow-up duration was 10.8 years (median, 10.8 years; range, 0-23.9 years), with a total follow-up of 3842 patient years.
Echocardiographic Follow-up
Of the 356 aortic valve or root replacements that were performed during the study period, 301 hospital survivors had 1 or more standardized echocardiographic examinations. The analyses of echocardiographic valve function over time were based on these 301 patients. Preoperative characteristics of these patients in the ''echocardiography cohort'' are shown in Table 1 . A total of 1765 echocardiographic records were available for 301 patients. The mean echocardiographic follow-up was 5.6 years (median, 4.9 years; range, 1 week to 17 years) with 5% of the records collected after 15 years.
Postoperative transthoracic echocardiographic records were used to assess the hemodynamic stability of the prosthesis. The severity of aortic stenosis (millimeters of mercury) and AR were estimated according the guidelines. E3,E4 AR was graded as 0 for no regurgitation, 1þ for mild, 2þ for moderate, 3þ for moderately severe, and 4þ for severe. Because of low frequency in grade 4þ, this grade was collapsed together with 3þ and is treated as 1 category. Also, annulus diameter (millimeters), LVOT diameter (millimeters), and aortic diameter at the sinotubular junction (millimeters) were recorded with the ''leading-edge to leading-edge'' method. E5 At least 1 echocardiographic follow-up was obtained in 95% of eligible patients (301/318; 318 ¼ 352 minus 5 patients who are still aged <16 years minus 25 patients who died in hospital or within the first 6 postoperative months minus 4 patients who had not yet reached the 6-month postoperative point in time). Reasons for not participating in the remaining 5% of eligible patients were emigration, refusal, and bad quality of echocardiography measurements (usually due to obesity).
The echocardiographic examinations were initially performed with different echocardiographic equipment. Since January 1993, all examinations are performed by 2 experienced technicians.
Statistical Analyses
Competing outcomes. The earliest occurrence after aortic allograft surgery of one of the mutually exclusive outcomes (assumed absorbing states) was identified: (1) reoperation or (2) death before reoperation. The common interval of the analysis was the interval between the date of reoperation and the earliest occurrence of one of these outcomes or the duration to last follow-up date of being alive without any reoperation. Freedom from each event was then estimated by the nonparametric product limit method. E6 Variances of the estimates were based on the Greenwood formula. E6 The instantaneous risk (hazard function) for each competing event was estimated by a parametric method. E7 Consequences of the independent transition rates (hazard functions) from the category ''alive, at risk'' into the event categories were calculated by integrating the parametric equations. E8 Variable selection and risk factor analyses. Baseline characteristics (Table 1 ) and perioperative characteristics ( Table 2) were screened for association with death, reoperation, postoperative AR, aortic gradient, annulus diameter, LVOT diameter, and aortic diameter. In addition, year of surgery was included in the model as a potential risk factor.
Variable selection, with a P value criterion for retention of variables in the model of .05, used bootstrap bagging (bootstrap aggregation). E9,E10 This was a 4-step process. First, a patient was randomly selected from the original data set to begin a new data set. The original data set continued to be sampled until the new data set was 100% the size of the original. Second, risk factors were identified using automated forward stepwise selection. Third, results of the variable selection were stored. These 3 steps were repeated 1000 times. Finally, the frequency of occurrence of variables related to group membership was ascertained and indicated the reliability of each variable (aggregation step). All variables with bootstrap reliability of 50% or greater were retained in the guided analysis. Because of the limited capability of PROC NLMIXED to explore multivariable relations, we initially screened the variables using ordinary multivariable linear regression (PROC REG SAS; SAS Institute Inc, Cary, NC) and the assumption of independence of observations with liberal entry criteria (.2) and stay criteria (.12). This analysis was performed simply to identify possible candidates for our repeated measurements model. These candidates and their transformations, if any, were entered at once into our model and then eliminated one by one until all variables remaining had a P value of .05 or less. Parametric estimates of continuous postoperative echocardiography measurements are accompanied by asymmetric 95% confidence limits, comparable to AE2 standard errors, obtained by a bootstrap percentile method. E11 E-References FIGURE E1. Instantaneous risks of death (red) and reoperation (blue) (hazard function). Solid lines are parametric estimates enclosed within 95% confidence limits.
FIGURE E2
. Predicted percentages of patients in AR grade 3þ/4þ stratified by operative technique (subcoronary ¼ red; root replacement ¼ blue). Symbols represent crude estimates of grouped raw data without regard to repeated measures and are presented to verify the model fitting. AR, Aortic regurgitation.
FIGURE E3.
Fifteen-year predicted percentages of patients in AR grade 3þ/4þ by age, stratified by operative technique (subcoronary ¼ red; root replacement ¼ blue). Symbols represent crude estimates of grouped raw data without regard to repeated measures and are presented to verify the model fitting. AR, Aortic regurgitation.
FIGURE E4.
Fifteen-year predicted mean aortic gradient by age, stratified by operative techniques (subcoronary ¼ red; root replacement ¼ blue). 
